The potential use of raw hard coals as low-cost adsorbents for the removal of 4-chlorophenol (4-CP) from aqueous solutions was examined. The effect of experimental parameters such as the pH and salt presence was evaluated. The kinetic studies showed the equilibrium time was found to be 2 h for all of the adsorbents and that the adsorption process followed the pseudo-second order kinetic model. The adsorption isotherms of the 4-CP on the hard coals were fitted to the Langmuir, Freundlich, Langmuir-Freundlich, Sips and Redlich-Peterson equations. Based on the results obtained, hard coals appear to be a promising adsorbent for the removal of some hazardous water pollutants, like 4-CP and related compounds.
INTRODUCTION
Adsorption is one of the effective methods for the removal of organic pollutants from waste effluent. The adsorption process has an advantage over the other methods due to its ease of use, high efficiency and sludge-free clean operation. Activated carbons are the most widely used adsorbents because they have an excellent adsorption efficiency for the organic compound. However, their use is associated with several disadvantages. The commercially available activated carbons are very expensive; moreover, the regeneration of spent activated carbons produces additional effluents (Aksu & Yener ; Lin & Juang ) . Thus, more cost-effective practical adsorbents are needed. In recent years, a number of alternative adsorbents, including natural and biological materials (e.g. zeolites, clay, chitin, chitosan, peat, yeasts, fungi or bacterial biomass, rice husk, nut shells) and waste materials from industry and agriculture (e.g. fly ash, red mud, sludge), have been proposed (Ahmaruzzaman ; Lin & Juang ) . In general, such materials should be cheap and easily available. All of these criteria are met by hard coals, which are cheap and exist in large deposits in many countries. In addition, after use they do not lose their properties, and still represent a highly calorific fuel. In this light, the hard coals seem to be very promising adsorbents.
The adsorption of gases (CO 2 , methane, acetylene and others) on hard coals has been extensively studied and is well documented in literature (Li et al. ; Dudzińska ; Gensterblum et al. ; Dudzińska & Cygankiewicz ) whilst little is known about the behavior of bituminous coal as an adsorbent of contaminants from water solutions. The use of hard coals as low-cost adsorbents for water purification has been described in only a few works, inter alia, for the removal of metal ions (Lakatos et (Tarasevich ; Jabłońska ) .
In this study, the usefulness of three raw hard coals from Polish mines as low-cost adsorbents for the removal of 4-chlorophenol (4-CP) from aqueous solutions was investigated. The 4-CP was chosen as the target contaminant because it is poisonous to aquatic life, plants and humans at low level (Igbinosa et al. ) and is commonly found in drinking water (Michałowicz ) . The most important parameters affecting the adsorption process, including the pH and ionic strength, were examined. The studies were carried out under kinetic and equilibrium conditions. sodium chloride were purchased from Avantor Performance Materials (Gliwice, Poland).
The hard coals used in the experiments were obtained from the Polish mines: 'Zofiówka' (HC-Z), 'Pniówek' (HC-P) and 'Jas-Mos Ruch Moszczenica' (HC-M). The raw hard coals were crushed in a mortar, dried in an oven at 130 W C to a constant weight and stored in a desiccator until use. The point of zero charge (pH PZC ) of the coals was determined according to the procedure described elsewhere (Ferro-Garcia et al. ).
Batch experiments were carried out to examine the adsorption properties of selected coals. The kinetic studies were conducted for an initial 4-CP concentration of 0.25 mmol/L and a mass of the adsorbents of 0.4 g at 25 W C.
The equilibrium studies were conducted by contacting 20 mL of the 4-CP solutions of concentration 0.10, 0.20, 0.25, 0.30, 0.40 and 0.50 mmol/L with 0.4 g of the adsorbents at 25 W C. After 4 h, the mixtures were filtered and analyzed.
All of the experiments were carried out in duplicate, and the average values were used for further calculations. The concentration of the 4-CP was determined by high-performance liquid chromatography with UV detection according to the procedure described elsewhere (Kuśmierek & Świą tkowski a).
RESULTS AND DISCUSSION

Adsorption kinetics
The adsorption kinetic curves of the 4-CP (the plot of q t ¼ f(t)) are shown in Figure 1 (a). The adsorption equilibriums were achieved after about 120 min for all of the coals. For the description of the experimental data, the pseudo-first order (Equation (1)) (Lagergren ), pseudo-second order (Equation (2)
where: q t and q e are the amounts of adsorption at time t and at equilibrium (mmol/g), k 1 is the rate constant of the pseudo-first order adsorption (1/min), k 2 is the rate constant of the pseudo-second order adsorption (g/mmol·min), k i is the intra-particle diffusion rate constant (mmol/g·min À0.5 ) and C i is the thickness of the boundary layer. The correlation coefficients for the pseudo-first order kinetic model are relatively low (<0.97), whereas the R 2 values for the pseudo-second order kinetic model are higher than 0.99 (supplementary data, available with the online version of this paper). This indicates that the adsorption system belongs to the pseudo-second order kinetic model. The k 2 values obtained for the HC-Z, HC-P and HC-M were 2.8691 g/mmol·min, 3.2243 g/mmol·min and 3.3035 g/mmol·min, respectively. The rate of the 4-CP adsorption increases in the direction: HC-Z < HC-P < HC-M. Figure 1 (b) describes the Weber-Morris plot of q t vs. t 0.5 for 4-CP on all of the hard coals. According to the Weber-Morris model, if the rate-limiting step is the intraparticle diffusion, then the amount adsorbed at any time t should be directly proportional to the square root of the contact time and will pass through the origin. However, if the data exhibit multi-linear plots, then two or more steps influence the overall adsorption process. As shown in Figure 1(b) , the plots were not linear over the whole time range and none of the lines passed through the zero point. This indicates that more than one process affected the adsorption and that the intraparticle diffusion was not the only rate-controlling step (Lorenc-Grabowska et al. ).
Adsorption equilibrium
The adsorption isotherms of the 4-CP on the HC-Z, HC-P and HC-M hard coals are shown in Figure 2 . To test the fitting of the experimental data, the Langmuir, Freundlich, Langmuir-Freundlich, Sips and Redlich-Peterson (Hamdaoui & Naffrechoux a; Hamdaoui & Naffrechoux b) isotherm models were used. All of the model parameters were evaluated by non-linear regression using the OriginPro 7.5 software. The isotherm equations, the calculated adsorption constants as well as the correlation coefficients are presented in Table 1 .
The Langmuir equation was best fitted to the experimental data with the high correlation coefficients of 0.9987 for HC-Z, 0.9986 for HC-P and 0.9992 for HC-M, respectively. Also, the Langmuir-Freundlich, Sips and Redlich-Peterson models describe the experimental results very well. The lowest R 2 values (<0.99) were observed for the Freundlich model. The values of the Langmuir maximum adsorption capacity (q mL ) were 0.0223 mmol/g, 0.0203 mmol/g and 0.0195 mmol/g for the HC-Z, HC-P and HC-M coals, respectively. Also, the Freundlich constants K F decrease in the order: HC-Z > HC-P > HC-M. On the other hand, the Langmuir-Freundlich (q mLF ), Sips (q mS ) and Redlich-Peterson (A) adsorption parameters increase in the order: HC-P < HC-M < HC-Z. This suggests that the HC-Z hard coal is the best adsorbent for the removal of 4-CP from water. The HC-P and HC-M coals behaved similarly, and in any case were worse adsorbents than the HC-Z coal, but the differences between them are difficult to determine. The Langmuir and Freundlich models show that the HC-P is a better To justify the viability of hard coals as adsorbents for the removal of 4-CP from water, their adsorption capacity for the target pollutants needs to be compared with that of other adsorbents. However, it is worth noting that the experiments applied different initial concentration ranges, wastewater composition, pH, and temperature. Moreover, the authors use different units (e.g. milligrams or millimoles) and various mathematical models to describe the experimental data, which makes it more difficult to compare the results with each other. Therefore, the adsorption properties of the hard coals were compared with the literature data obtained under similar experimental conditions ( Table 2) . For comparison, only the Langmuir maximum adsorption capacities q mL were used. In addition, all of the units have been standardized and converted to mg/g. As can be seen, the adsorption of the 4-CP on the hard coals is more or less comparable with the other low-cost adsorbents. The hard coals have practically the same adsorption capacities as chitosan (Li et al. ) or coke breeze (Ahmaruzzaman & Sharma ) .
Effect of salt presence
In order to investigate the effect of a salt presence on the 4-CP removal, the adsorbate was adsorbed from the 0.05 mmol/L solutions of Na 2 SO 4 . The experimental data indicate that the presence of salt in the solution slightly improves the adsorption capacity of the hard coals. The values of the Langmuir constants q mL obtained for the HC-Z, HC-P and HC-M in the electrolyte solutions were 0.0250 mmol/g, 0.0231 mmol/g and 0.0216 mmol/g, respectively, and were slightly higher than those obtained in water (0.0223 mmol/g, 0.0203 mmol/g and 0.0195 mmol/g, respectively). A similar dependency, enhancing the adsorption of the 4-CP in a salt presence, was observed for the adsorption on activated carbon (Kuśmierek & Świą tkowski a) . The presence of salts in the solution can modify the strength of the adsorbent-adsorbate electrostatic interactions. When the electrostatic forces between the adsorbent surface and adsorbate ions are attractive, an increase in the ionic strength will decrease the adsorption capacity. Conversely, when the electrostatic attraction is repulsive, an increase in the ionic strength will increase the adsorption. 
Effect of solution pH
The relationship between the initial solution pH and the adsorption equilibrium of the 4-CP is presented in Figure 3 .
The data indicate that the adsorption behavior of the adsorbate on each of the adsorbents was similar from pH 2.5 to pH 10.5. This is due to the fact that the pH PZC values of all three of the coals are very similar (6.55 for HC-Z, 6.74 for HC-P and 6.98 for HC-M). The adsorption of the 4-CP was almost constant at acidic pH range of 2.5-7.0 and decreased with the further increasing in the pH (from pH 7 to 10.5). The q e value decreased with an increase in the pH from 2.5 to 10.5 from 0.0083 mmol/g to 0.0039 mmol/ g for HC-Z, from 0.0072 mmol/g to 0.0026 mmol/g for HC-P and from 0.0075 mmol/g to 0.0022 mmol/g for HC-M. The pH of the solution determines the surface charge of the adsorbent and the degree of ionization and speciation of the adsorbate, which affects the adsorption of the 4-CP on the hard coals. In the pH range of 2.5-7.0, the surface of the hard coals was positively charged (pH PZC ∼7.0), while at a pH greater than pH PZC , the surface had a net negative charge. The pK a of 4-CP is 9.3, and at a pH greater than the pK a value, the adsorbate existed predominantly in anionic forms as negatively charged phenoxide ions. The results showed that the non-dissociated form of 4-CP was preferred by the positively charged surface of the adsorbents. The large reduction in the 4-CP adsorption at highly basic conditions can be attributed to the electrostatic repulsion between the negatively charged hard coals and the dissociated 4-CP molecules. A similar adsorption behavior of 4-CP with a variation in the solution pH was reported on the activated carbons (Hameed et al. ;
Kuśmierek & Świą tkowski b).
CONCLUSIONS
In this study, the usefulness of the three raw hard coals as a low-cost adsorbent for the removal of 4-CP from an aqueous solution was tested. The kinetic studies indicated that the adsorption equilibrium was achieved after approximately 2 h and that the adsorption kinetics follows the pseudosecond order model. The adsorption isotherms of the 4-CP on the hard coals were fitted to the Langmuir, Freundlich, Langmuir-Freundlich, Sips and Redlich-Peterson equations. All of the isotherm models describe the experimental results very well; however, the Langmuir equation gave the best fit to the equilibrium data. The adsorption of the 4-CP decreased with an increase in the initial pH of the solution from 7.0 to 10.5 and increased with an increase in the ionic strength of the solution. The adsorption capacity of the hard coals compared with activated carbons is much lower, but is more or less comparable to the other low-cost adsorbents. In view of all these findings, the use of hard coals as adsorbents for the removal of organic contaminants could be interesting from a commercial point of view because of their low cost and wide availability. The average cost of removing 1 kg of 4-CP by hard coal is about 15 €, while by commercial activated carbon it is approximately 100 €. The application of hard coals in the purification of waste water could be suitable for largescale exploitation.
